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Introduction
The centrosome is a cellular organelle composed of centrioles 
and  pericentriolar  material  (PCM).  The  PCM  is  a  protein   
matrix surrounding the centrioles that contains protein com-
plexes required for centrosome-associated functions. A key 
component of the PCM and centrioles is pericentrin, a large 
conserved coiled-coil protein (Doxsey et al., 1994; Flory and 
Davis, 2003; Jurczyk et al., 2004; Martinez-Campos et al., 
2004; Miyoshi et al., 2006a).
The  centrosome  has  numerous  and  complex  functions 
that center primarily around cell cycle regulation and micro-
tubule organization. For example, centrosomes act as platforms 
for  assembling  regulatory  proteins  and  pathways  (Doxsey   
et al., 2005) such as progression from G1 to S and from G2 to M, 
events that require centrosome binding of cyclin E and Chk1, 
respectively  (Krämer  et  al.,  2004;  Matsumoto  and  Maller, 
2004; Doxsey et al., 2005). In mitotic cells, centrosomes and 
associated astral microtubules contribute to mitotic spindle orga-
nization (Lüders and Stearns, 2007; O’Connell and Khodjakov,   
2007) and mitotic spindle orientation (Rebollo et al., 2007; 
Rusan and Peifer, 2007; Toyoshima and Nishida, 2007; Yamashita 
et al., 2007). The latter controls orientation of the cell division 
plane, which, in turn, controls cell fate determination in many 
stem cell niches (Rebollo et al., 2007; Rusan and Peifer, 2007; 
Yamashita et al., 2007). In noncycling cells, the older centriole/
basal body serves as the template for assembly of the primary 
cilium (Rieder et al., 2001).
Through its ability to serve as a multifunctional scaffold 
for anchoring a wide range of centrosome proteins (Table I), 
pericentrin is involved in essentially all of the previously de-
scribed functions. In this review, we will discuss the association 
between pericentrin function and disease. This protein has been 
associated with four human disorders. We focus first on primor-
dial dwarfism, which has been directly linked to mutations in 
the pericentrin gene. Although the connection between pericen-
trin and other diseases is not as strong, cell and molecular evi-
dence supports a role for pericentrin in human cancer, mental 
disorders, and ciliopathies. Here, we first discuss each human 
condition, starting with a brief summary of their salient features 
and link to pericentrin, then explore the cellular and molecular 
changes that accompany them. These changes are put in context 
with studies from multiple experimental systems that provide 
insight into the mechanisms underpinning these disorders.
Pericentrin in primordial dwarfism
Pericentrin  in  human  and  mouse  models  of 
dwarfism. Recent studies indicate that PCNT mutations are 
associated with two rare and complex human autosomal reces-
sive genetic disorders with overlapping features, Majewski/ 
microcephalic osteodysplastic primordial dwarfism type II 
(MOPDII) and Seckel syndrome (Griffith et al., 2008; Rauch   
et al., 2008). However, closer evaluation of disease features 
demonstrated that individuals with Seckel syndrome and PCNT 
mutations actually belong to the MOPDII spectrum. Moreover, 
a recent study demonstrates that PCNT mutations are present 
in all the MOPDII patients examined, confirming the genetic   
homogeneity  of  this  disorder  and  suggesting  that  Seckel   
patients do not harbor pericentrin mutations (Willems et al., 
2009). Individuals with MOPDII present with several features, 
including extreme proportionate short stature that begins in 
utero (hence the term primordial dwarfism), with some adults 
never reaching 20 inches in height (Majewski and Goecke, 
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multifunctional  scaffold  protein  whose  disruption  results  in 
loss of pericentrin binding proteins from the centrosome and 
centrosome dysfunction (Fig. 1).
Model 1: pericentrin, cell cycle checkpoint de-
fects, and premature mitotic entry. Through its protein- 
anchoring function, pericentrin has been implicated in the reg-
ulation of cell cycle progression, cell cycle checkpoints, and 
mitotic entry. Results obtained from MOPDII patient cells and 
from pericentrin siRNA-treated cultured human cells demon-
strate a role for the protein in the ataxia telangiectasia and rad3 
related  (ATR)-dependent  DNA  damage  checkpoint  signaling 
(Griffith et al., 2008; Tibelius et al., 2009). Components of the 
ATR pathway localize to the centrosome (Zhang et al., 2007), 
including the checkpoint kinase 1 (Chk1; Krämer et al., 2004; 
Löffler et al., 2007). Centrosome-associated Chk1 delays the 
G2/M transition by inhibiting the Cdc25-dependent activation 
of cyclin B–Cdk1 complexes (Krämer et al., 2004). In fact, 
ectopic localization of Chk1 to centrosomes using Chk1 fused to 
a centrosome targeting polypeptide (PACT domain; Gillingham 
and Munro, 2000) prevents the transition from G2 to M (Krämer 
et al., 2004). A more recent study demonstrates that pericentrin 
is involved in the centrosomal anchoring of Chk1 and its asso-
ciated G2/M checkpoint arrest pathway (Tibelius et al., 2009). 
Pericentrin depletion prevents Chk1 recruitment to centrosomes, 
causing premature mitotic entry, mitotic delay, and cell death. 
Importantly, defects in the ATR signaling checkpoint pathway 
are also associated with other disorders such as microcephaly, 
a well-documented characteristic of primordial dwarfism, thus   
1982; Majewski et al., 1982; Hall et al., 2004), small brain 
size relative to body size (microcephaly), and bony dysplasia   
(Majewski and Goecke, 1982; Majewski et al., 1982; Hall   
et al., 2004; Willems et al., 2009).
Preliminary results suggest that disruption of the PCNT  
gene in mice (Miyoshi et al., 2009; unpublished data; Akbarian, S.,   
C. Lo, and G. Zheng, personal communication) may pro-
vide  a  good  model  for  understanding  features  of  human 
primordial dwarfism. Disruption of the gene by insertional 
mutagenesis  using  gene  trap  technology  causes  reduction 
in the levels of pericentrin protein and leads to embryonic   
lethality (unpublished data; Akbarian, S., C. Lo, and G. Zheng, 
personal communication). Embryos exhibit pathological fea-
tures strikingly similar to the most prominent phenotypes of 
the  human  condition,  including  severe  intrauterine  growth   
restriction, short stature, and microcephaly (unpublished data; 
Akbarian, S., C. Lo, and G. Zheng, personal communication). 
Reproduction of many aspects of the human condition in the 
mouse indicates that much will be learned about the etiology 
of primordial dwarfism from this experimental system.
Proposed models for pericentrin function in 
primordial dwarfism. The small body and brain size caused 
by PCNT mutations in humans and mice suggest a dramatic   
reduction in the total cellularity of the growing embryo and 
adult organism. Several cell biological models have been pro-
posed to explain this phenomenon and how it might contribute 
to the disease (Delaval and Doxsey, 2008; Griffith et al., 2008; 
Rauch et al., 2008). In all models, pericentrin is viewed as a   
Table I.  Pericentrin-interacting partners and associated functions.
Interacting partners Description: functions linked to pericentrin References
Centrosome/microtubule
  ­tubulin ­tubulin: microtubule nucleation/organization Knop and Schiebel, 1997; Dictenberg et al., 1998;   
  Takahashi et al., 2002; Zimmerman et al., 2004
  ­TURC (GCP2, GCP3) ­tubulin ring complex (­tubulin complex protein):  
  microtubule nucleation/organization
Knop and Schiebel, 1997; Takahashi et al., 2002;  
  Zimmerman et al., 2004
  PCM1 PCM protein: microtubule nucleation/organization Li et al., 2001
  LIC Cytoplasmic dynein light intermediate chain:  
  Microtubule nucleation/organization (motor protein)
Purohit et al., 1999
  AKAP450/CGNAP A­kinase anchoring protein/centrosomal and golgi N­kinase  
  anchoring protein: microtubule nucleation/organization
Takahashi et al., 2002
  DISC­1 Disrupted in Schizophrenia:  
  microtubule nucleation/organization
Miyoshi et al., 2004; Shimizu et al., 2008
Checkpoint
  Chk1 Checkpoint kinase: DNA damage induced G2/M  
  arrest regulation
Tibelius et al., 2009
Kinases
  PKA Protein kinase A: cell signaling Diviani et al., 2000
  PKCII Protein kinase C: cell signaling Chen et al., 2004
  BCR­ABL Oncogenic tyrosine kinase: cell signaling Patel and Gordon, 2009
Nuclear
  CHD3 Chromodomain helicase DNA­binding proteins:  
  nuclear function, microtubule nucleation
Sillibourne et al., 2007
  CHD4 Chromodomain helicase DNA­binding proteins:  
  nuclear function, microtubule nucleation
Sillibourne et al., 2007
Basal body/cilia
  IFT Intraflagellar transport proteins: formation and function of cilia Jurczyk et al., 2004
  PC2 Polycystin: cilia function/signaling Jurczyk et al., 2004183 Pericentrin in cellular function and disease • Delaval and Doxsey
Model  2:  pericentrin,  microtubules,  and  mitotic 
defects. A large body of evidence supports a role for pericen-
trin in microtubule nucleation and spindle organization. Pericen-
trin homologues in a variety of organisms, including the budding 
yeast Saccharomyces cerevisiae (spc110p/ Nuf1p; Knop and 
Schiebel, 1997; Flory et al., 2000), the fission yeast Schizosac-
charomyces pombe (Pcp1p; Flory et al., 2002), the filamentous 
fungus Aspergillus nidulans (Flory et al., 2002), and Drosoph-
ila (d-plp; Martinez-Campos et al., 2004), localize to centro-
somes or the equivalent structure where they anchor proteins   
involved  in  microtubule  nucleation  and  organization  (Kilmartin   
and Goh, 1996; Sundberg et al., 1996; Flory et al., 2002), 
providing support for cell cycle checkpoint disruption in primor-
dial dwarfism (O’Driscoll et al., 2003; Alderton et al., 2004).
Collectively,  these  observations  suggest  a  role  for   
impaired  checkpoint  signaling  in  primordial  dwarfism.  In 
this model (Fig. 1), pericentrin disruption would lead to mis-
localization of Chk1 from centrosomes. This would result in 
abnormal cell cycle checkpoint signaling during the G2-to-M 
transition, allowing premature entry into mitosis (Griffith et al., 
2008; Tibelius et al., 2009). Unscheduled mitotic entry could 
induce mitotic defects, leading to mitotic arrest or cell death. 
This would account for the global decrease in cell number   
in MODPII.
Figure 1.  Disruption of pericentrin function could contribute to human disease through multiple mechanisms. Models for the role of pericentrin in primor­
dial dwarfism. Model I: PCNT disruption leads to centrosome defects including loss of centrosomal Chk1. This perturbs G2/M checkpoint activation in the 
presence of DNA damage (red X), allowing cells to enter mitosis with damaged DNA and leading to mitotic arrest or cell death. Model II: Centrosome 
defects such as loss of ­tubulin compromise microtubule nucleation/organization, leading to spindle defects and, consequently, mitotic arrest or cell death. 
Model III: Defects in microtubule nucleation/organization disrupt astral microtubules, thus randomizing spindle orientation. This favors asymmetric divisions 
(Asym. Div, red arrow) and reduces symmetric stem cell self­renewing divisions (S. Div, symmetric division), leading to reduced stem cell number. All models 
would lead to a decrease in the overall cellularity of tissues. Diff, differentiated cell. Model for the role of pericentrin in cancer progression. Centrosome 
and associated microtubule defects give rise to disorganized spindles (e.g., multipolar). The resulting aberrant cell divisions cause chromosome losses and 
gains (aneuploidy), which could lead to accumulation of activated oncogenes and loss of tumor suppressors in daughter cells and thus contribute to cancer 
progression. Models for the role of pericentrin in mental disorders. Model I: Disruption of centrosome and associated microtubules (red X) perturbs neurite 
outgrowth and neuronal circuitry. Model II: Disruption of centrosome­mediated microtubule organization leads to defects in cell migration along radial glia 
(red X). VZ, ventricular proliferative zone. Model III: Disruption of centrosome­mediated astral microtubules depletes neuronal stem cells as described in 
model III for primordial dwarfism (red arrow). In all models, disruption of brain structure and neurite outgrowth, connectivity, or function would contribute 
to mental disorders. Models for the role of pericentrin in ciliopathies. Model I: Centrosome disruption, including mislocalization of centrosome proteins 
and proteins involved in cilia formation, disrupts cilia assembly (red X), leading to ciliopathy­associated phenotypes. Model II: Disruption of centrosome­ 
associated astral microtubules causes randomization of spindle orientation (red arrow), leading to a decrease in cell divisions along the longitudinal axis 
of the duct (e.g., kidney). This results the expansion of the diameter of the duct, potentially contributing to cyst formation in ciliopathies.JCB • VOLUME 188 • NUMBER 2 • 2010   184
and  CENPJ/SAS-4.  All  have  well-characterized  functions   
including astral microtubule nucleation, spindle organization, 
and/or orientation (do Carmo Avides and Glover, 1999; Megraw 
et al., 2001; Basto et al., 2006). Recent studies on these centro-
some genes suggest that microcephaly results from the inability 
to self-renew neuronal stem cells. This appears to occur through 
misorientation of mitotic spindles, leading to asymmetric divi-
sions that produce differentiating cells instead of stem cells, 
thus depleting the total cellularity of the stem cell compartment 
(Bond and Woods, 2006). This would lead to a reduction in the 
total number of neurons in the brain and a reduced brain size. 
These results from studies on microcephaly provide a testable 
model for the mechanism of pericentrin in primordial dwarfism. 
PCNT mutations could cause short stature and small brain size 
in primordial dwarfisms through an imbalance in symmetric 
versus asymmetric cell divisions resulting from spindle mis-
orientation in all organs of the body.
Correct orientation of mitotic spindles and, subsequently, 
the plane of cell division are achieved through proper nucle-
ation and organization of astral microtubules that emanate from 
spindle poles (Fig. 1; Toyoshima and Nishida, 2007). Loss of 
centrosomal -tubulin and astral microtubules is observed upon 
RNAi-mediated knockdown of pericentrin in cultured human 
cells (Zimmerman et al., 2004), which suggests a role for peri-
centrin in spindle orientation. In addition, pericentrin over-
expression blocks proper mitotic spindle positioning within cells 
(Purohit et al., 1999).
Work  in  Drosophila  supports  a  role  for  pericentrin  in 
microtubule organization and mitosis. D-plp mutant embryos 
are defective for timely recruitment of PCM components to cen-
trosomes  (maturation)  and  show  a  reduction  in  centrosomal   
microtubules (Martinez-Campos et al., 2004). However, in this 
system, these defects cause relatively subtle defects in the orga-
nization  of  spindle  poles  and  mitotic  spindles  (Martinez- 
Campos  et  al.,  2004).  This  might  be  expected  because, 
remarkably, flies completely lacking centrosomes can still 
complete  cell  division  and  develop  normally  (Basto  et  al., 
2006). Rather than dying from mitotic dysfunction, adults in 
both cases die from cilia defects. However, it is important to 
note that flies lacking centrosomes exhibit disorganized astral 
microtubules and misoriented spindles, which might be expected 
to adversely affect the balance of symmetric and asymmetric 
divisions in stem cell compartments (Basto et al., 2006). How-
ever, in d-plp mutants, this detail was not examined. Thus, it is 
possible that d-plp disruption induces more subtle defects in 
spindles such as changes in spindle orientation. These would 
induce more moderate yet uncharacterized mitotic defects that 
could be manifested in specific tissues where proper spindle 
orientation is important.
In agreement with a model in which pericentrin is re-
quired for correct spindle orientation, fibroblasts isolated from 
PCNT knockout mice show a significant increase in cells with 
disrupted astral microtubules and misoriented spindles (Fig. 2; 
unpublished data; Zheng, G., personal communication). Spin-
dle misorientation is shown by an increase in the angle formed 
by  the  pole-to-pole  spindle  vector  and  the  cell–substrate   
adhesion plane in pericentrin knockout compared with wild-type   
organize  mitotic  spindles,  and  perform  mitotic  functions   
(Doxsey et al., 1994; Sundberg et al., 1996; Sundberg and Davis, 
1997; Flory et al., 2002; Martinez-Campos et al., 2004). For 
example, d-plp is required for efficient recruitment of PCM 
components to centrosomes (Martinez-Campos et al., 2004). 
Spc110p has affinity for the GCP2/3 orthologues in yeast (spc97p 
and spc98p) and anchors -tubulin complexes at spindle poles 
bodies (Knop and Schiebel, 1997), thus allowing proper mitotic 
spindle assembly (Sundberg et al., 1996; Sundberg and Davis, 
1997). PCP1p also functions in spindle pole body assembly and 
microtubule nucleation (Flory et al., 2002).
In humans, the microtubule-nucleating function of peri-
centrin  also  requires  its  recruitment  to  the  PCM,  which  is 
accomplished through a microtubule-based transport mecha-
nism  involving  cytoplasmic  dynein  (Young  et  al.,  2000). 
Centrosomal recruitment of pericentrin and other centrosome 
proteins including the pericentrin-binding protein -tubulin, 
reaches a maximum at metaphase (Dictenberg et al., 1998) 
in a process called “centrosome maturation” (Glover, 2005; 
Bettencourt-Dias and Glover, 2007). This process is critical 
for centrosome-based astral and spindle microtubule nucle-
ation  in  mitosis.  Pericentrin  depletion  by  RNAi  disrupts 
microtubule nucleation from mitotic centrosomes, most likely 
through mislocalization of the microtubule-nucleating protein   
-tubulin from spindle poles, a phenotype that seems to be   
mitosis specific because interphase microtubules appear largely 
intact (Doxsey et al., 1994; Li et al., 2001; Dammermann and 
Merdes, 2002; Zimmerman et al., 2004). This mitotic func-
tion of pericentrin was confirmed and extended by the recent 
observation  that  PLK1-dependent  recruitment  of  -tubulin 
complexes to mitotic centrosomes/spindle poles requires peri-
centrin (Haren et al., 2009) and dynein-dependent microtubule 
transport. These molecular functions of pericentrin are a likely 
explanation for the decrease in -tubulin from spindle poles 
observed in cells from individuals with primordial dwarfism 
(Griffith et al., 2008). Consistent with the previously reported 
role  for  pericentrin  in  spindle  organization  in  cultures  of   
human cells (Purohit et al., 1999; Zimmerman et al., 2004), 
mitotic defects are observed in cells from MOPDII individuals 
lacking pericentrin and include disorganized mitotic spindles, 
chromosome misalignment, premature sister chromatid sepa-
ration, and aneuploidy (Rauch et al., 2008).
Collectively, these observations suggest a role for spindle 
dysfunction in primordial dwarfism. In this model (Fig. 1), peri-
centrin  disruption  would  lead  to  mislocalization  of  proteins   
involved in microtubule nucleation/organization from spindle 
poles. This would result in mitotic spindle defects, chromosome 
missegregation and mitotic failure, which could lead to cell   
cycle arrest and/or cell death (Rauch et al., 2008), thus contrib-
uting to the global loss of cellularity seen in MOPDII.
Model  3:  pericentrin,  astral  microtubules, 
and spindle orientation. Evidence from the literature and 
ongoing experiments support a role for spindle misorientation 
as a contributor to MOPDII. The first clue to this idea comes 
from studies linking microcephaly to spindle misorientation and   
abnormal stem cell division. Three centrosome genes have been 
implicated  in  this  disorder:  ASPM,  Cdk5RAP2/centrosomin,   185 Pericentrin in cellular function and disease • Delaval and Doxsey
functions, suggested by the diversity of pericentrin interacting 
partners (Table I), contribute to disease etiology.
Pericentrin in human cancer
Centrosome  abnormalities  and  chromosome 
instability in cancer. Aberrant centrosome numbers were 
first  described  in  human  cancer  cells  by  T.  Boveri  (1929).   
Centrosome defects were rediscovered in human carcinomas 
and  tumor-derived  cell  lines  in  1998  using  specific  markers 
(Lingle et al., 1998; Pihan et al., 1998) and have now become a 
hallmark of most solid tumors and some hematological malig-
nancies. Aberrant centrosomes and associated abnormal mitotic 
spindles show a strong correlation with chromosome instability, 
another common feature of cancer cells (Lengauer et al., 1997; 
Pihan et al., 1998, 2003). Perhaps most important is the recent 
use of network modeling that directly links breast cancer sus-
ceptibility to centrosome defects (Pujana et al., 2007).
Pericentrin in solid tumors and hematological 
malignancies  in  humans. Centrosomal abnormalities in 
solid tumors are accompanied by increased pericentrin levels 
and defects in pericentrin organization, demonstrating the util-
ity of pericentrin as a potential marker for centrosome defects in 
cancer and implicating the protein in cancer progression (Pihan 
et al., 1998). Consistent with these observations are data from 
expression profiling showing that PCNT and other centrosome-
associated genes are highly expressed in acute myeloid leuke-
mia (AML). Higher levels of pericentrin also correlate with 
aneuploidy and centrosome aberration levels in AML (Neben   
et al., 2004; Krämer et al., 2005). In mantle cell lymphoma, 
pericentrin is part of an expression signature identifying genes 
fibroblasts. Importantly, disruption of the asymmetric segre-
gation  and  inheritance  of  centrosomes  during  oriented  cell   
division was recently shown to cause premature depletion of 
progenitors in the ventricular zone of the neocortex (Wang   
et al., 2009). In vivo observations in a pericentrin knockout 
mouse model for primordial dwarfism show misorientation of 
spindles and the cell division plane in neuronal precursors 
(unpublished data; Akbarian, S., and G. Zheng, personal com-
munication). However, it is not clear if centrosome inheritance 
is disrupted and leads to a loss of neuronal precursors in the 
absence of pericentrin.
Studies  discussed  in  this  section  suggest  a  role  for   
spindle misorientation in primordial dwarfism. In this model 
(Fig. 1), pericentrin disruption leads to defects in astral micro-
tubules and misorientation of the spindle and the plane of cell 
division. This would reduce symmetric stem–stem cell divi-
sions required for stem cell self-renewal (Rebollo et al., 2007; 
Rusan and Peifer, 2007; Yamashita et al., 2007), thus leading 
to  depletion  of  the  pool  of  progenitor  cells  in  all  organs   
and reducing the overall cellularity in the organism consistent 
with MOPDII
Summary. What emerges from these models is a com-
plex  picture  of  the  possible  cellular  and  molecular  events 
that contribute to the etiology of human primordial dwarfism   
(Fig. 1). All of these suggest plausible explanations for the 
loss of cellularity observed in these disorders and are consis-
tent with small but near-normal organs and bodies. Additional 
studies will be required to determine if all functions discussed 
are disrupted and co-contribute to these disorders or if one 
predominates. It also remains a possibility that other pericentrin 
Figure 2.  Fibroblasts from PCNT knockout mice show loss of astral microtubules and spindle misorientation. Top (a and c) and side (b and d) views of 
three­dimensional reconstructed immunofluorescence images of mitotic spindle stained for ­tubulin (green), ­tubulin (red), and kinetochore (CREST, blue). 
Mitotic spindles are misoriented in PCNT/ (b) versus wild­type cells (d). , metaphase spindle angle relative to the bottom of the dish. Astral microtubules 
in the wild­type cell (a, arrow) are lost in PCNT/ cells (b, arrow with broken line). MEF, mouse embryonic fibroblast. Images provided by S. Doxsey 
and G. Zheng (University of Massachusetts Medical School, Worcester MA).JCB • VOLUME 188 • NUMBER 2 • 2010   186
In agreement with this model, fibroblasts isolated from 
pericentrin-overexpressing  mice  are  aneuploid  and  show   
supernumerary  centrosomes,  multipolar  spindles,  and  bi-
polar spindles with clustered centrosomes (Fig. 3; Krämer, A.,   
personal communication). A likely mechanism for the for-
mation of supernumerary centrosomes and abnormal mitotic 
spindles after pericentrin disruption is cytokinesis failure, 
resulting in twice the number of centrosomes and chromo-
somes  (Chen  et  al.,  2004).  They  also  show  an  increased   
mitotic index and decreased proliferation, potentially result-
ing from the observed mitotic dysfunction. Centrosome clus-
tering may allow cancer cells with multiple centrosomes to 
undergo relatively normal cell divisions, but, ultimately, it is 
likely to lead to genetic instability, a known contributor of 
cancer (Quintyne et al., 2005; Rebacz et al., 2007; Kwon   
et al., 2008). Like fibroblasts from PCNT transgenic mice, 
bone marrow cells are aneuploid and also show nuclear ab-
normalities and increased apoptosis (Krämer, A., personal 
communication), which suggests that hematopoietic progen-
itor cells fail to undergo productive divisions and ultimately 
die as a result of mitotic defects and aneuploidy.
Proposed  model  for  pericentrin  function  in 
cancer. These results support our previously proposed model 
to explain how disruption of pericentrin function would induce 
tumor formation (Fig. 1; Pihan et al., 2001; Pihan and Doxsey, 
2003). Increased levels of pericentrin would cause alterations in 
centrosome number, structure, and function. This, in turn, would 
alter mitotic spindle organization and function, leading to   
chromosome missegregation. The resulting losses and gains of 
chromosomes after cell division would generate aneuploidy or 
chromosomal instability. Cells that accumulate chromosomes 
with activated oncogenes or lose chromosomes with inactivated 
tumor suppressors (i.e., changes in gene dosage) would survive 
by  Darwinian  selection  based  on  their  ability  to  outlive  or   
outgrow their counterparts.
associated with tetraploidization (Neben et al., 2007). In chronic 
myeloid  leukemia  (CML),  blast  crisis  cells  show  disrupted/
amorphous staining for pericentrin compared with normal and 
CML chronic phase patients, which suggests that centrosome 
defects are present in the advanced stage of the disease even if 
no altered protein expression can be detected (Giehl et al., 2005; 
Patel and Gordon, 2009). Additional evidence implicating peri-
centrin  in  cancer  is  its  interaction  with  the  CML-associated   
fusion protein p210 BCR-ABL (Patel and Gordon, 2009). This 
constitutively active tyrosine kinase activates multiple signaling 
cascades, leading to cell proliferation, genetic instability, and 
other tumor-associated features. The interaction of pericentrin 
with BCR-ABL suggests that this centrosomal scaffold may   
anchor the kinase at the centrosome, where it could modulate 
centrosome function, as previously suggested for other cancer-
associated fusion kinases (Delaval et al., 2005). However, this 
remains to be tested.
Pericentrin transgenic mouse model of cancer. 
Recently, a pericentrin mouse model with increased pericentrin 
levels was constructed to directly address the role of pericentrin 
up-regulation in the induction, development, and progression 
of cancer in vivo (Krämer, A., personal communication). The 
pericentrin  transgenic  mice  develop  a  syndrome  resembling 
human myelodysplasia, carcinoma, and sarcoma, thus confirm-
ing the oncogenic role of pericentrin in cancer (Krämer, A.,   
personal communication).
Pericentrin  may  function  as  an  oncogene.  
Expression of pericentrin in human cultured prostate cells re-
produces many features of aggressive prostate cancer, including 
centrosome defects, abnormal spindles, chromosome instability, 
and enhanced anchorage-independent growth. These observa-
tions from cell culture experiments confirm work in the mouse, 
and suggest that pericentrin may have oncogenic activity in   
human cancer, possibly through its ability to induce spindle 
dysfunction and aneuploidy.
Figure 3.  Fibroblasts from PCNT transgenic mice show an increased number of centrosomes and multipolar spindles. ­tubulin (spindle, green), ­tubulin 
(centrosome, red), and DAPI (DNA, blue). MEF, mouse embryonic fibroblast; OE, overexpression. Images provided by A. Krämer (Clinical Cooperation 
Unit Molecular Hematology/Oncology, German Cancer Research Center, Heidelberg, Germany).187 Pericentrin in cellular function and disease • Delaval and Doxsey
2006), a pericentrin interacting protein (Li et al., 2001) that is 
also a member of the DISC1 interactome (Kamiya et al., 2008). 
Suppression of PCM1 in the developing cerebral cortex leads 
to neuronal migration defects (Kamiya et al., 2008). Therefore, 
through its interaction with PCM1 and DISC1, pericentrin could 
affect neuronal migration.
Model  3:  PCNT  and  spindle  orientation.  
Third  (Fig.  1),  disruption  of  mitotic  astral  microtubules  in 
pericentrin-depleted cells (Zimmerman et al., 2004) is likely 
to contribute to aberrant spindle orientation (see “Pericentrin 
in primordial dwarfism”) and consequently could disrupt the 
asymmetric  segregation  and  inheritance  of  centrosomes  in 
neuronal stem/progenitor cells. This could decrease neuronal 
precursor self-renewal and disrupt cellular balances affecting 
neuron number and tissue organization. In fact, disruption of 
asymmetric inheritance of centrosomes has recently been shown 
to lead to premature depletion of progenitors in the developing 
mammalian neocortex (Wang et al., 2009).
Additional studies are required to directly demonstrate a 
role for pericentrin in these disorders and test whether pericen-
trin, DISC1, PCM1, and FEZ1 function together in the same 
pathway or individually to contribute to cortical development 
and the pathogenesis of neurodevelopmental disorders.
Pericentrin in ciliopathies
Disruption of cilia formation or function has long been associ-
ated with ciliopathies (Hildebrandt and Otto, 2005). PCNT has 
not been directly linked to ciliopathies in humans, but recent 
evidence demonstrates that disruption of the gene contributes 
to ciliopathy-associated phenotypes in model organisms, in-
cluding Drosophila and mice (Martinez-Campos et al., 2004; 
Miyoshi et al., 2009).
Pericentrin  in  mouse  and  fly  models  of  cili-
opathy. Pericentrin localizes to the base of primary cilia in 
several mouse embryonic tissues, which suggests a role for the 
protein in cilia formation (Miyoshi et al., 2006b). In fact, hypo-
morphic mutations in the mouse PCNT gene lead to compro-
mised assembly of the olfactory cilia of chemosensory neurons 
in the nasal olfactory epithelium and reduced olfactory perfor-
mance (Miyoshi et al., 2009). In vivo studies in Drosophila 
also demonstrate a role for the pericentrin-like protein (d-plp) 
in cilia formation. d-plp mutant flies are severely uncoordi-
nated, a phenotype associated with malformed sensory cilia 
that results in disturbed neuronal function and that is consis-
tent with the mouse model. In contrast to the mouse model,   
d-plp  mutant  flies  are  also  defective  for  the  formation  of   
motile cilia and flagella (Martinez-Campos et al., 2004). One 
possible explanation for the difference in results in the two 
model organisms is the hypomorphic mutation in the mouse 
and presumably higher protein levels that may allow normal 
function of motile cilia and flagella.
Pericentrin  and  cilia  formation  in  cultured 
cells. Studies in cultured cells provide additional insight into 
the role of pericentrin in cilia assembly and function. In non-
cycling cells, depletion of pericentrin by RNAi shows a dra-
matic reduction in the assembly of primary cilia (Jurczyk et al., 
2004; Graser et al., 2007; Mikule et al., 2007). Mechanistically, 
Pericentrin and mental disorders
Pericentrin in bipolar disorder (BPD), major 
depressive  disorder  (MDD),  and  schizophrenia. 
Changes in pericentrin levels are associated with mental disor-
ders. Recent studies reveal elevated pericentrin expression in the 
postmortem brain and peripheral blood lymphocytes in BPD and 
in patients with MDD (Anitha et al., 2008). More recent studies 
suggest a genetic linkage between the PCNT gene and MDD. 
Genotyping of single-nucleotide polymorphisms (SNPs) in the 
PCNT gene reveals significant differences in allelic frequencies 
between patients with MDD and controls for two SNPs (Numata 
et al., 2009). Furthermore, SNP and haplotype analysis reveals a 
significant association with schizophrenia (Anitha et al., 2009). 
Collectively, the data from these studies suggest that pericentrin 
might play a role in the pathophysiology of BPD, MDD, and 
schizophrenia, and could be a generalized genetic risk factor for 
psychiatric  illnesses  that  also  influences  cognition  in  healthy   
subjects (Porteous et al., 2006).
Proposed models for pericentrin in mental dis-
orders. Clues to the role of pericentrin in mental disorders 
come from its interaction with the protein product of disrupted 
in schizophrenia 1 (DISC1; Miyoshi et al., 2004; Shimizu et al., 
2008), a gene that is a known genetic risk factor for mental 
disorders including schizophrenia, MDD, and BPD. DISC1 is 
anchored to centrosomes by pericentrin (Miyoshi et al., 2004). 
Expression of the DISC1 domain that binds pericentrin releases 
DISC1 from centrosomes and disrupts microtubules (Shimizu   
et  al.,  2008). This  suggests  that  the  DISC1–pericentrin  inter-
action might be important for microtubule organization and that 
disruption of this interaction could contribute to mental disor-
ders. In addition to its microtubule function, DISC1 associates 
with several proteins involved in processes essential for neuro-
nal function, including neuronal migration, neurite outgrowth, 
cytoskeletal modulation, and signal transduction (Hennah et al., 
2006). This suggests that pericentrin disruption could disrupt 
any of these processes. Three exploratory models could explain 
how  microtubule  defects  in  pericentrin-disrupted  cells  could 
contribute to mental disorders (Fig. 1).
Model  1:  PCNT  and  neurite  outgrowth  and   
interconnectivity. First (Fig. 1), disruption of microtubule 
integrity in neurons could affect neurite outgrowth and inter-
connectivity  during  development  (Matsuzaki  and  Tohyama, 
2007). Microtubules play an essential role both in formation 
and maintenance of neuronal processes including axonal out-
growth and fasciculation, and dendritic arborization. It is worth 
noting that the pericentrin-binding region of DISC1 overlaps 
with the region interacting with FEZ1 (Miyoshi et al., 2004),   
a schizophrenia susceptibility gene that plays a vital role in   
axonal outgrowth and fasciculation (Yamada et al., 2004). These 
three proteins may cooperate in establishing and maintaining 
axons and dendrites.
Model  2:  PCNT  and  cell  migration. Second (Fig. 1),   
disruption of the centrosome and associated microtubules could 
affect cell migration (Higginbotham and Gleeson, 2007). An 
increasing number of psychiatric susceptibility genes regulate 
neuronal migration, which is important for development and 
organization of the brain. This includes PCM1 (Gurling et al., JCB • VOLUME 188 • NUMBER 2 • 2010   188
observed both in interphase/G0 (e.g., cilia, neuronal outgrowth, 
and  motility)  and  mitosis  (spindle  disorganization  and  mis-
orientation). Mitotic dysfunction is the feature that appears in 
all four disorders either through spindle disorganization leading 
to cell death or aneuploidy, or through spindle misorientation 
leading to depletion of stem cells. A second potential pathway 
cocontributing to disease phenotypes is disruption of centro-
some proteins involved in cell cycle regulation (Chk1).
The  proposed  theme  that  links  all  disorders  does  not   
explain the lack of overlap of some phenotypes. For example, 
why is cancer not a feature of MOPDII if multipolar spindle 
formation is a common phenotype to explain both dwarfism and 
cancer? Future studies are required to further test this model 
and others to gain a full understanding of the cellular and mo-
lecular underpinnings of the disorders associated with mutated, 
deleted, or elevated levels of pericentrin in human disease.
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